Radiocarbon and specific phospholipid-derived biomarkers were used to trace chemical warfare agents (CWA) at the Gotland Deep dumping site of chemical weapons. Δ 14 C measurements in different classes of organic fractions, such as total lipid extracts (TLE), humic acids (HA) and phospholipid-derived fatty acids (PLFA) isolated from bottom sediments have been applied. In addition, specific PLFA biomarkers extracted from sediments were analyzed by gas chromatography. Contrary to Δ 14 C HA , the most depleted Δ 14 C TOC and Δ 14 C TLE values were found in bottom sediments samples collected at the CWA dumpsite, which were attributed to different carbon sources.
Introduction
It is generally accepted that the Baltic Sea ecosystem is under a great stress compared to other seas due to heavy pollution load originating from various sources (e.g., urban, agricultural and industrial) and site specific conditions such as shallow depths, low salinity (surface waters: 0-18 psu; bottom waters: 0-30 psu), limited water exchange and oxygen depletion [1, 2] . A high level of urbanization and industrialization in the Baltic Sea region as well as an extended drainage area covering 1.74 million km 2 resulted in severe anthropogenic effects. All of these, including eutrophication and climate change, directly and indirectly, induce abiotic and biotic effects which consequently have impact on the organic carbon (OC) of terrestrial and marine origin, with contributions to the global carbon cycling.
Bottom sediments are important sink of organic matter in the marine environment. It is generally accepted that primary production considerably contributes to the total amount of OC in the Baltic Sea. According different estimates, the marine sources accounted for 35 g C m −2 year −1 [3, 4] . Another important source of OC in the Baltic Sea is inflow with river run-off which could contribute about 50% of organic matter to the Gotland and Gdansk Basin of the Baltic Sea [5, 6] . Organic carbon accumulated in the bottom sediments from different sources is involved in carbon cycling in the Baltic Sea ecosystem and can significantly affect the carbon isotope ratio. Microorganisms such as microalgae, cyanobacteria and others can contribute to changes in carbon cycling by differential utilization of organic matter from various sources-natural and anthropogenic ones [7] . They can choose easily assimilable organic carbon from complex mixtures and provide differential involvement of various substances into the carbon cycle [8] . On the other hand, in the biodegradation of toxic organic compounds in the marine environment, complex communities of microorganisms are usually involved [9, 10] . Phospholipid-derived fatty acids (PLFA) have been widely used as quantitative bacterial biomarkers to characterize the microbial community structure and changes in the response to variations of environmental conditions in sediments, waters, and soils [11, 12] . Along with the PLFA analyses, the δ 13 C and Δ 14 C analyses were applied for source characterization as well as for microbial community response to climate changes and anthropogenic impacts [13] [14] [15] [16] [17] . Carbon compound-specific stable isotope analysis has been widely used in environmental science to identify the sources of pollutants and to study the mechanisms of biotransformation, nevertheless, environmental applications of radiocarbon compound-specific isotope analysis were not so numerous, despite recent achievements in analyzed sample size reduction to 10 μg of C [18, 19] .
Among the environmental problems associated with the Baltic Sea, one of the most urgent is probably the environmental pollution due to releases of chemical warfare agents (CWA) dumped in the Gotland Deep after the Second World War [20, 21] . A large number of CWAs were developed and produced during the World War II, for example, Germany generated about 65,000 tons of CWAs, and mustard gas production accounted for about 39% of the total. Although CWAs were never used in Europe, a huge amount of these toxic compounds were dumped in the Baltic Sea. The largest dumping sites are located in the Bornholm Basin and the Gotland Deep, where about 34,000 tons of chemical munitions containing about 12,000 tons of CWA were dumped. It was reported that the total amount of chemical munitions dumped in Skagerrak was about 170,000 tons [22, 23] .
It has been shown, that microorganisms or their consortiums, including Pseudomonas putida bacteria, can be responsible for degradation of CWA, produced before the World War II from raw fossil materials, such as petroleum, natural gas, petroleum distillates, and coal [24, 25] . However, microorganisms can utilize organic matter from various sources, e.g. humic substances introduced to marine environment by river run-off, petroleum derived from anthropogenic contamination and methane. The main focus of this paper is on the assessment of possible effects derived from the utilization of chemical compounds with different radiocarbon content in various organic fractions, particularly, in humic substances, total lipid extracts and phospholipid-derived biomarkers, as well as to find possible biomarkers that could be suitable for radiocarbon compound-specific analysis and for identification of sources of contamination.
Experimental
Sediments were collected in the Curonian Lagoon and the open Baltic Sea including Gotland Deep CWA dumping site, and in the Lithuanian coastal region during various sampling campaigns organized in 2010-2016 ( Fig. 1 ). For sediment sampling a Van Veen grab sampler was used for deep water sediments, while in the Curonian Lagoon a Ekman-Birge type Bottom Sampler (effective grasping area of 225 cm 2 , weight of 3.5 kg) was applied.
Humic acids (HA), total petroleum hydrocarbons (THC) and lipid fractions from homogenized surface sediments (0-3 cm) were obtained using slightly modified methods as described in previous publications [26] [27] [28] [29] . Total organic Fig. 1 Sampling stations in the Curonian Lagoon and the Baltic Sea carbon (TOC) in sediment samples was measured using the LQUI TOC analyzer. For preparation of total lipid extracts (TLE), an extraction, using methylene chloride, methanol, and phosphate buffer mixtures was carried out on wet sediment samples. Then, TLE samples were gently evaporated under the argon stream at 35 °C and stored at − 20 °C until further analysis. Neutral lipid (NL), glycolipid, and phospholipid fractions were separated by an SPE-SI column and the phospho-(polar) lipids were esterified to produce fatty acid methyl esters (FAME). Unsubstituted FAMEs were separated by a SPE-NH2 column and then mixture was passed through an SPE-SCX (Supelco, USA) to separate phospholipid-derived-ester linked saturated fatty acid (EL-SATFA), ester-linked monounsaturated fatty acid (EL-MUFA), and ester-linked polyunsaturated fatty acid (EL-PUFA). A gas chromatography (SHIMADZUGC/MS-QP2010 system with a Rxi-5Sil MS) was used for FAME measurements. The system performance was checked using a CRM Supelco 37 Component FAME Mix (Sigma-Aldrich, Germany) in hexane.
The THC was extracted from homogenized freeze-dried sediments by a mixture of n-hexane and methylene chloride (1:1) and the obtained extracts were purified using EPH SPE cartridges (Resprep) and analyzed with the GC-FID. Humic substances were separated using the conventional alkali extraction [30] . Δ 14 C TOC measurements in sediments as well as Δ 14 C measurements in different classes of organic substances (TLE, HA, EL-SATFA, EL-MUFA, EL-PUFA LPS-HYFA) were carried out at the AMS facility (1.0 MV HVE Tandetron) in the Department of Geosciences of National Taiwan University (NTUAMS). Sediment samples were processed using the acid-base-acid (ABA) method [31] , which includes the following steps: (1) The samples were treated by 5 mL of 1 mol/L HCl to remove carbonates. After centrifuging the samples and discarding the solution, the sample residue was washed several times with deionized water.
(2) The sample residue was treated with 0.5 mol/L NaOH for 1 h to remove humic acid, which could be mobile in sediments. Then the sample was centrifuged, the solution was discarded, and the sample was washed with deionized water. (3) Finally, 1 mL of 1 mol/L HCl was added to the sample residue to naturalize any NaOH residue and to avoid possible absorption of atmospheric CO 2 . The ABA treated samples were freeze-dried. The dried sample was placed into a 9 mm diameter quartz tube with ~ 70 mg of CuO and a piece of silver wire (~ 3 mg), and then put on a vacuum line until a vacuum of 10 −5 mbar was reached. The quartz tube was sealed under the vacuum and placed in a muffle furnace, then heated at 850 °C to combust OC into CO 2 for 8 h. The burned quartz tube was placed on a vacuum line and evacuated to 10 −5 mbar. Isolating the pump, then the tube was broken under the vacuum on the line. The purification of CO 2 was achieved by passing through a water trap (− 40 to − 60 °C) and frozing by liquid N 2 . Non-condensable gases were pumped away, and CO 2 finally frozen with liquid nitrogen has been pure enough for further utilization. Samples of organic compounds were combusted as described above without ABA treatment.
The purified CO 2 was introduced into a graphitization system which contained two glass tubes with Zn + TiH 2 powders in a 9 mm tube, and Fe powders in a 6 mm tube in the centre of the 9 mm tube under a vacuum of 10 −5 mbar [32] . The CO 2 was converted to graphite with Fe (Fe:C = 3.5:1 ratio) under 550 °C for 6-8 h. Graphite samples were pressed into targets and 14 C/ 12 C and 13 C/ 12 C ratios were measured, together with oxalic acid standard (OXII,4900C; National Institute of Standards and Technology, Gaithersburg, USA). As backgrounds (NTUB and BKG) and known age inter-comparison (IRI) samples prepared at the NTU-AMS Lab were used. The standard and background samples went through the same procedures as the sediment samples. Every batch of samples included at least 3 OXII standard, 3 background and two IRI targets. The Δ 14 C values were calculated by the following equation:
where ( 14 C/ 12 C) sample and ( 14 C/ 12 C) standard are background and δ 13 C-corrected 14 C/ 12 C ratios for the sample and standard, respectively. The δ 13 C is the 13 C/ 12 C ratio measured by AMS, simultaneously with the 14 C measurement [33] . The counting uncertainty of 14 C for the OXII standard is generally < 0.3% (2σ) and the standard deviation of Δ 14 C for repeated OXII standard is about 1‰ (2σ).
Results and discussion
Measurements of TOC in samples showed wide variations of organic matter in the studied bottom sediments (from 0.3 to 10.3%). The highest TOC values were found in sediments collected at the stations in the Curonian Lagoon (CL10, CL1) and in the Baltic Sea (R7, 20A, B5, ChG2, ChS1, ChS2 and ChS3). A wide range of Δ 14 C TOC values (from − 446.1 to − 6.7‰) was also observed in sediment samples collected during 2012-2016 in the Lithuanian economic zone (Fig. 2) , whereas even greater differences were found for total lipid extracts (TLE) (Δ 14 C TLE values varied from − 812 to − 102‰). The correlation between Δ 14 C TOC and Δ 14 C TLE values was quite strong (Pearson Cor. 0.758, Sig. 0.0001), however, a correlation with TOC has not been observed.
Δ 14 C TOC and Δ 14 C TLE in sediments varied depending on sampling location. The most depleted values, were determined at the stations located at the Gotland Deep
with average values of − 348‰ and − 568‰, respectively (Figs. 2, 3 ). Measurements of THC concentrations were performed for better understanding of the origin of Δ 14 C TOC and Δ 14 C TLE depleted values in bottom sediments, as oil pollution may be one of the possible sources of fossil carbon for the bulk organic matter in bottom sediments. Contribution of THC to the TOC of sediments was estimated to be negligible (from 0.02 to 5%)-about ~ 1% of TOC [28] , concentrations varied from 4.9 ± 0.2 to 68 ± 3 mg kg −1 , d. w., and on average from 10 to 25 mg kg −1 , d. w., with highest values in seawater of the open Baltic Sea (Fig. 3) . Δ 14 C TOC and Δ 14 C TLE values did not correlate with THC concentrations.
Humic acids are another common component of organic matter in bottom sediments that can be involved in the carbon cycle which contribute to a change in the carbon isotope ratio [34] . Measurements of Δ 14 C in humic acid samples showed variations from − 142.4 to 14.5‰ with the most depleted values in sediments collected at the stations 4C and 64 in the Baltic Sea (Fig. 4) . Δ 14 C values corresponding to the modern age were detected at BG station (55°49′20″; 20°27′0.5″), also located in the Baltic Sea. It was assumed that sediments collected at this station could serve as background samples in this study. Changes in Δ 14 C HA values observed for sediment samples from station C4 located in shallow coastal waters and sediments from deeper stations (e.g., BG) may be associated with a decrease in the content of old organic substances. In this case, the old organics may be of terrestrial origin. In previous publications, it was shown that sediments at station R7 were mostly of terrestrial origin, while the contribution of organic carbon from terrestrial sources at the Gotland Deep stations ranged from 0 to 13%, and on average accounted for 5% [8, 29] . In addition, it was reported that the δ 13 C TOC correlated well with δ 13 C HA (r = 0.98, p = 0.000009) with similar values for TOC and HA [28] . The absence of correlation between Δ 14 C TOC and Δ 14 C TLE values and the large difference between Δ 14 C TOC and Δ 14 C HA values (Fig. 4) found at the station ChS5 indicates the presence of organic carbon of different origin. It should be noted that the most depleted Δ 14 C TLE value of − 812‰ was determined at this station.
Measurements of Δ 14 PLFAs have been widely used as a quantitative bacterial biomarker to characterize the structure of microbial communities and their transformation in response to the climate change and anthropogenic pollution [40] [41] [42] [43] [44] . As it was mentioned above, recent studies showed that PLFA can be utilized in compound-specific δ 13 C and Δ 14 C analyses for carbon source characterization, carbon cycling and for environmental process studies. Analysis of phospholipid-derived fatty acids (PLFA) isolated from bottom sediments were performed in order to identify the responses of the microbiological community to contamination of sediments and to better understanding the role of the microorganisms in the degradation of organic matter. Results of the PLFAs in TLE fractions isolated from bottom sediments are presented in Fig. 6 . Obvious variations can be seen between samples from the Curonian Lagoon and the Baltic Sea. The highest proportion of the terminally branched fatty acids such as a13:0; i13:0; i14:0; i15:0; a15:0; i16:0; a17:0; i17:0; a18:0; i18:0 (a/i) found in the Curonian Lagoon samples and in the Baltic Sea samples collected at the stations affected by the Curonian Lagoon plume can be attributed to the activities of the Gram-positive bacteria [40, 45] , while cyclopropyl saturated fatty acids (cy17:0; cy19:0) found in the sediments collected at the CL1, CL10 stations in the Curonian Lagoon and at 20A station in the Baltic Sea can be an indication of the Gram-negative bacteria, related to the high concentration of THC in sediments.
Higher proportion of 15:0 PLFA biomarker can be an indication of phytoplankton in the Curonian Lagoon and Baltic Sea near-shore zone [46] and a clear decrease of this biomarker in the open water sediments can also be associated with effects of the Curonian Lagoon plume. Biomarker of 16:1w7c indicating the presence of gram-negative bacteria was found in all samples except the Curonian Lagoon sample taken at the station CL10 and at the Baltic Sea station 20A where bottom sediments from the Klaipeda Port were dumped [28] . However, another biomarker of 16:1w9c also typical for gram-negative bacteria was detected in the 20A sample. Composition of PLFA in the latter sample is rather different as compared to other analyzed samples, indicating specific microbial community, most probably due to the origin of sediments and the highest concentration of THC. The high abundance of biomarkers with low (< 1%) contribution of each biomarker (designated as "others" in the sample) most probably indicate the large variability of microorganisms in the sediments. Cyanobacteria, diatoms, green algae in the samples were testified by 18:1ω9c, 20:4ω6, 20:5ω3, 22:5ω3 and 22:6ω3 biomarkers, while specific biomarkers of 18:1ω7c indicating Cyanobacteria and diatoms as well as biomarkers showing the presence of type I methanotrophs (e.g. 16:1ω5t; 16:1ω8) were not detected (Fig. 6) .
In sediments collected at the CWA dumpsite (sampling stations ChS2 and ChS5), an increase in the proportion of the biomarker of 14:0 accompanied by decrease in an amount of 15:0 was found. Although 14:0 biomarker is usually described as general biomarker, in some publications it is attributed to the activities of Proteobacteria and Diatoms. Thus, observed variations in the composition of the PLFA biomarkers can be attributed to the changes in the microbiological community in the sediments (an increase in the carbon derived from the activities of Proteobacteria and Diatoms and a decrease in contribution from phytoplankton).
Data analyses showed that THC concentrations correlated with MUFA biomarkers 16:1w9c (Pearson cor. 0.775, sig. 0.002), 18:1w9t (Pearson cor. 0.693, sig. 0.009) and hydroxy substituted fatty acids (OH FA) (Pearson cor. 0.782, sig. 0.007). Negative correlation of Δ 14 C TOC values was found for 14:0 (Pearson cor. − 0.751, sig. 0.003) and of Δ 14 C TLE for 14:0 (Pearson cor. − 0.917, sig. 0.001) and for 16:00 (Pearson cor. − 0.682, sig. 0.06). These data are in good agreement with compound-class-specific radiocarbon analysis of phospholipid-derived EL-SATFA, EL-MUFA, EL-PUFA fractions (Fig. 5 ), confirming suitability of 14:00 and 16:00 biomarkers for compound-specific radiocarbon analysis. It should be noted that stable carbon isotope compound-specific analyses revealed the most depleted δ 13 C values of 14:0 (− 37.6‰ for ChS5 and − 38.04‰ for ChS2) and of 16:0 (− 31.5‰ for ChS5 and − 31.5‰ for ChS2) biomarkers in the TLE from sediments collected at the CWA dumpsite in the Gotland Deep. However, δ 13 C values measured at other stations in the Baltic Sea were less depleted, with average values of − 29.3‰ and − 27.7‰ for 14:0 and 16:0, respectively [28] .
Conclusions
The results obtained in this study indicate different origin of carbon sources in sediments collected at the Gotland Deep and in the near-shore zone of the Baltic Sea. It was found that THC and HA present in the sediments could not affect the Δ 14 C TOC and Δ 14 C TLE values. Significant negative correlation of Δ 14 C TOC and Δ 14 C TLE for 14:0 and 16:0 biomarkers indicated their suitability for compound-specific radiocarbon analyses. In addition, the high proportion of these biomarkers measured in sediments can be attributed to the activities of the Pseudomonas putida (gram-negative, proteobacterium) isolated from the sediments at the CWA dumping site, which were probably responsible for degradation of CWA. It should be noted that 16:1ω7c and 18:1ω5t biomarkers found in biomass of Pseudomonas putida [8] and also detected in the TLE extracted from sediments collected at the CWA dumping site showed that these bacteria can be present in the sediments at the Gotland Deep. Thus, depleted Δ 14 C values of TOC, TLE and PLFA observed in sediments collected in the Gotland Deep of the Baltic Sea may indicate activities of the Pseudomonas putida bacteria associated with a leakage from the dumped chemical weapons.
